It is estimated that the demand for data rate in wireless networks increases by 40% up to 70% year upon year. This tremendous growth implies that within the next 10-15 years, the wireless networks may need to deliver as much as several hundreds of times the capacity as compared to the current levels. To reach this Terabit per seconds (Tbps) data rate a very broad bandwidth will be required. That is the main reason why the community is today focused on higher band like Terahertz (THz) band. The definition of an efficient physical layer (PHY-layer) in the considered frequency band is very challenging due to radio frequency impairments and complexity. The purpose of this paper is to provide recent views on the evolution concepts and potential schemes for Tbps wireless communications by backing to the basis of single carrier modulation.
Introduction
Since the 90's, the most predominant communication scheme for broadband wireless communications is the multi-carrier (MC) scheme, more precisely the Orthogonal Frequency Division Multiplexing (OFDM) modulation. This is still the case for the last few years where many actors are studying advanced multi-carriers modulations (FBMC, GFDM, etc.) for fifth generation (5G) communication systems [1] . For systems beyond 5G, the expected date rate will reach Tbps which implies the use of ultra wide bandwidths of several tens of GHz. These bandwidths are not available in the classical bands below 100 GHz. This is the main reason why the community is today focusing and exploring on higher bands like Tera hertz (THz) band. Although there are several EU research projects dealing with wireless communications in high frequency bands, their focus is mainly on frequencies below 90 GHz. As almost all these projects were accepted within H2020 5GPPP framework, with a focus limited to 5G communication rates rather than beyond 5G which is the focus of this paper. Moreover, the radio access technology considered is still mainly based on MC modulation. Among the EU projects focusing on 60-90 GHz communications band, we name, the Flex5Gware 1 project, and the mmMAGIC 1 http://www.flex5gware.eu/ project 2 . This last is concerned with the development and use of SC schemes for millimeter wave communications.
The main justification for the use and the deployment of multi-carrier communication systems is their adequacy and benefits in frequency selective channels by the possibility of generating and implementing a large number of flat small channels. In fact, in such channel environment, the OFDM modulation translates the Inter Symbol Interference effect in a broadband single carrier (SC) into several flat (eventually attenuated) and very narrow band channels. This was the principal interest for the development of the MC communication scheme concept. Associated with a powerful coding and interleaving schemes, in both frequency and time domains, the well known Coded OFDM (COFDM) achieved very interesting results and has been used as a prevailing PHY layer in many standards. Of course some drawbacks related to OFDM (and MC in general) modulation exists and were quickly identified such as, the Inter Carrier Interference (ICI) effect, and the high Peak to Average Power Ratio (PAPR). Despite these limitations, achieved results by means of real implementations and testing were so successful in high selective terrestrial channels that they did not influenced the OFDM standardization and its worldwide commercial success. In some particular situations such as, satellite transmissions or cellular uplink communication mode in Long Term Evolution Advanced (LTE-A) system, MC modulations have been discarded because of the negative effect of the PAPR phenomena.
Transmission at 60 GHz covers less distance for a given power, mainly due to the increased free space path loss (loss over 1 m at 60 GHz is 68 dB, which is 21.6 dB worse than at 5 GHz) band compounded by propagation losses through materials and human body shadowing (losses from a few dB to 30 dB+) [2] . In contrast, oxygen absorption plays a minor role over short range distances even through it peaks at 60 GHz. The above 100 GHz (100-300 GHz) band communications is characterized by a higher degree of absorption than in the 60 GHz band, and by a quasi-optical propagation behavior where the received signal is dominated by line of sight (or along a strong indirect path) and reflexions from strong reflecting materials, and the MIMO precoding generates a flat channel at the receiver side [3] . On the other hand, the non line of sight (NLOS) environments losses are too high for reliable communications, and concrete materials cause additional large signal attenuation and can easily create a blockage.
This type of physical communication environment is more conducive for the use of SC modulation scheme. The SC has been proposed in WiFi 802.11ad standard (also named WiGig) [2] , and is object to deep researches for millimeter wave communications in [4] for essentially keeping the transceiver complexity and the energy consumption low and affordable for real implementation. Note that with frequencies of order of tens of GHz bandwidth to reach tbps in beyond 100 GHz band, it seems unrealistic to have analogue to digital converters (ADC) with several bits at a reasonable energy consumption. Therefore, all the signal processing for beamforming and classical signal processing at the receiver side should be revisited taking into account a mix of analog and digital design.
The special characteristics of the associated channels, especially from the mm-Wave frequency bands over 60-90 GHz, make SC modulation schemes, unlike the MC scheme, potentially more appropriate for communication systems operating in such high communication bands and beyond. This is what emerged from recent studies in [5] and [6] , where SC was described as a promising candidate to provide good coverage even when wider bandwidth transmissions (e.g., > 10 GHz) are introduced in these high frequency bands. Another extremely important argument in favor of the use of SC modulation, is the Peak-to-Average Power Ratio (PAPR) that will be lower than MC systems, making possible the use of more energy efficient power amplifier for such high frequency ranges. Combined with simpler modulation/demodulation blocks, the global energy consumption will be significantly reduced. We remind, here, that green radio communication is considered as a strong and an unavoidable argument for next generation systems. Therefore, backing to single carrier modulation will help to meet such essential requirement. The rest of this paper is focusing on this last aspect.
WHY we essentially use OFDM modulation?
To well understand the interest of dividing a broad band into a large number of narrow bands, let's have a look on Figure 1. In this Figure, published in [7] , depicts a 3D representation of a frequency selective channel. For a given time, the projection in the frequency direction exhibits holes or deep attenuation that are experiencing variations in time domain due to the mobility effects of the transmitter. If the overall band is split in many small bandwidths (see depicted small squares on the 3D channel representation), we may consider the variation of the channel in each square as flat. Dividing the frequency band in several pieces of small bands to fight the frequency selectivity of the channels is an old idea. One of the pioneer theoretical works is Figure 1 . Example of a 3D (Time Frequency Power) varying channel [7] . Each small square could be considered as a flat (eventually attenuated) channel.
that of Collins Radio company in the 60's, where the basic idea consisted in transmitting simultaneously the data on several carrier frequencies with a low bit rate on each. The real implemented system was based on a modem using a two frequency shift keyring modulation (2FSK) scheme over 40 parallel channels. In 1966, the work presented by Chang in [8] allowed to identify and to set the orthogonality conditions in order to optimize the overall used bandwidth. We can consider the Chang's published work as the birthdate of the OFDM modulation, and as a disruptive innovative evolution on radio communication era. Very quickly, engineers identified the synchronization issue, in both time and frequency, as crucial in order to kept the Chang's orthogonality criteria between the different parallel carriers at the receiver side. From the complexity point of view, to realize many modulators (one per each narrow band) in parallel with high level of orthogonality was very challenging. Thanks to the work of Weinstein and Ebert in [9] , it was demonstrated that it is possible to replace the parallel modulators bank by a fast Fourier transform (FFT) at both the transmitter and the receiver sides. After this milestone, the scientific community has adopted this major advance and from that time a huge number of researches has been produced in this field. Two others key factors as the advent of very powerful Digital Signal Processors (DSPs) devices with its combination with code schemes associated to the modulation (known as coded OFDM [11] ) explained the success of the COFDM in the 90's. In fact, COFDM multicarrier scheme is the key modulation adopted in many wirelesss communication standards as: DAB, ADSL, DVB-T, WiFi, LTE, etc.
PAPR issues for energy efficiency

Green radio-communications
Few years ago, the environmental-friendly sustainable development was only the concern of ecological organizations. However, sustainable development has become a globally paramount challenge and an aspiration of longterm civilization development of all human beings since the "Resolution 42/187 of the United Nations General Assembly" in December 1987. The Brundtland Commission of the United Nations (UN) has defined sustainable development as the one that "meets the needs of the present without compromising the ability of future generations to meet their own needs". From then on, several United Nations' conferences (from Rio de Janeiro-1992 to more recently the COP'21 in Paris, 2015) continually confirmed this important issue, for which one of the most obvious aspects and challenges of sustainable development is the earth climate change and the ever-growing CO2. Doubtlessly, making Information and communications technology (ICT) equipments and applications "greener" in terms of energy consumption can not only have a tangible positive impact on environment, but can also help telecommunications operators to attain long-term profitability. Moreover, energyefficient communications and networks can help the world to reduce the dependence on fossil fuel, enable on-demand response and fluent energy resources distribution, and ultimately achieve sustainable prosperity around the world. This evolution was recently stated in many papers and conferences. As illustrated in Figure 2 of [10] , the long-term evolution road map of next-generation telecommunications systems from 2G, 3G to 4G/5G is strongly expected to point to the energy-efficiency dominated era from now on. Figure 2 . Evolution from coverage-and capacity-driven telecommunications to energy-efficient green radio communications from [10] .
PAPR considerations 3.2.1 Multi-carrier case
The envelope of a multiplex of modulated signals (for both single-carrier and multi-carrier signals) is not constant. This is always true, for example, for software radio signals like a multiplex of GSM signals (even if each one is actually of constant envelope). The large variations of the multicarrier transmitted signals lead to a weak power efficiency of the power amplifier and, therefore, intensive energy consumption requiring a growing need for cooling is observed. All the classical multi-carrier systems, as the OFDM, suffer from high power fluctuations. The variations of the signal envelope generate non-linear distortions, when we introduce the OFDM signal into a power amplifier (PA). Considering the graph of Figure 3 , about 30% of the base station power consumption is due to the high power amplifier (HPA) and the associated cooling. Depending on in-site implementation technologies this value may reach 50% [13] . This explains the existence of huge scientific literature on HPA efficiency optimization methods. This last problem may be tackled at different levels [12] . Figure 3 . Example of Power consumption sharing at a Base Station [10] .
The PAPR is a random variable which has been introduced to measure the power variations of the OFDM or any MC signal. A lot of researches have been conducted in order to reduce the PAPR effects and to analyze its probability distribution. A huge number of studies and developed techniques exist for the PAPR reduction that cannot be discussed in this paper. The reader may refer to many overview papers or books as [14] , [12] , [15] , and to the recent work using Tone Reservation method in [16] .
Another way to tackle the PAPR problem is to try to find a new multi-carrier scheme with low PAPR by construction, which means to define a new waveform with low PAPR.
In [17] and [18] , we proposed an optimization problem on the waveform in order to have an MC system with low PAPR. In [18] we solved this optimization problem and we obtained the following major result that is, no better PAPR compared to OFDM, is possible, without reducing the temporal support of the analyzed waveform. In [18] , we proved that all the proposed enhanced multi-carrier waveforms for 5G, like FBMC 3 , UFMC 4 , and GFDM 5 [1] are all identical or worse than OFDM in terms of PAPR because they not fulfill the condition of having a temporal support smaller than the symbol period. [4] . Pure single-carrier waveforms are relatively robust to channel time selectivity compared to multi-carrier waveforms. The reason is that single-carrier waveforms have shorter symbol durations that are subject to less channel variations across time. In order to reach the magnitude of Tbps, the considered SC modulation should have a high spectrum efficiency. In other words, constant envelope modulations like CPM could be limited due its low spectrum efficiency. As a consequence, modulation having high spectrum efficiency means many symbols in the I/Q plan which, in turn, implies a non-negligible PAPR (depending on the used filtering function) effect. In [19] we proved that the PAPR increases when the roll-off factor oh the Nyquist filter decreases. To decrease this PAPR, some mitigation techniques studied in the multi-carrier context could be adapted and applied in beyond 100 GHz band, i.e., Modified Tone Reservation technique in [16] could be studied.
Single carrier case
Conclusion
Single carrier modulations are gaining more and more interest than past few years. The fact that beyond 5G communications targeting wireless applications with Tbps data rate in beyond 100 GHz band, characterized by a higher degree of absorption and by a quasi-optical propagation behavior with line of sight received signal, is very conducive for the use of SC modulations due to the previously mentioned green considerations. Nonetheless, more deep researches have to be conducted to develop advanced signal processing techniques to increase the SC modulation capacity and phase noise robustness, and to reduce the PAPR and the out of band emission.
